Six oligonucleotides with carcinogen derivatives bound at the N2 atom of deoxyguanosine were prepared, including adducts derived from butadiene, acrolein, crotonaldehyde, and styrene, and examined for effects on the replicative enzymes bacteriophage DNA polymerase T7 ؊ (T7 ؊ ) and HIV-1 reverse transcriptase for comparison with previous work on smaller DNA adducts. All of these adducts strongly blocked dCTP incorporation opposite the adducts. dATP was preferentially incorporated opposite the acrolein and crotonaldehyde adducts, and dTTP incorporation was preferred at the butadiene-and styrene-derived adducts. Steady-state kinetic analysis indicated that the reduced catalytic efficiency with adducted DNA involved both an increased K m and attenuated k cat . Fluorescence estimates of K d and pre-steady-state kinetic measurements of k off showed no significantly decreased affinity of T7 ؊ with the adducted oligonucleotides or the dNTP. Pre-steadystate kinetics showed no burst phase kinetics for dNTP incorporation with any of the modified oligonucleotides. These results indicate that phosphodiester bond formation or a conformational change of the enzyme⅐ DNA complex is rate-limiting instead of the step involving release of the oligonucleotide. Thio elemental effects for dNTP incorporation were generally relatively small but variable, indicating that the presence of adducts may sometimes make phosphodiester bond formation rate-limiting but not always.
ess. Cellular systems are useful in assessing biological significance but not necessarily for understanding mechanistic details of interactions of polymerases with DNA because of the plethora of polymerases and repair systems (7) . Many studies have been done with individual polymerases and carcinogenmodified oligonucleotides, and the results are of general use in predicting the potential detrimental effects of chemical carcinogens (6) . Because the polymerization catalytic cycle (Scheme 1) is complex and different polymerases are often used, those results have often been difficult to interpret. In many studies, the focus is on "full-length" extension, which involves multiple reactions and is not particularly amenable to defined kinetic analysis of a single reaction (5, 8) . However, even in single-base incorporation studies, the parameters k cat and K m are difficult to interpret because the k off rate often dominates steady-state kinetics (8, 9) .
We have previously utilized studies of the effects of small modifications of DNA with the processive polymerases RT, 1 
bacteriophage T7
Ϫ (a pol I family member), and calf thymus DNA polymerase ␦ (10 -16), with a focus on the adducts 8-oxo-7,8-dihydro-G, O 6 -methyl-G, and O 6 -benzyl-G. Our general conclusions from studies with these adducts are the following: (i) burst kinetics still occur (either with dCTP or a preferred dNTP), implying that a step following phosphodiester bond formation (Scheme 1; Refs. 9, 10, 15, [17] [18] [19] [20] remains ratelimiting in the steady state (as without the adduct); (ii) high K m (dNTP) values are seen in steady-state kinetics, but K d (dNTP) values are not altered; (iii) lack of change in K d (DNA) ; (iv) no change in k off for DNA; (v) partial burst kinetics and also biexponential plots within a single cycle, which can be ratio- 1 The abbreviations used are: RT, human immunodeficiency virus-1 reverse transcriptase; T7 Ϫ , bacteriophage T7 DNA polymerase (T7 nalized by the addition of a step involving a reversible inactive complex; and (vi) discrimination between a slow conformational change and slow phosphodiester bond formation is difficult, and high elemental "thio" effects in some cases (T7 Ϫ with 8-oxo-7,8-dihydro-G) but not in others (RT with all adducts examined). Even a methyl or ethyl group at the guanine N2 atom strongly disrupted the normal polymerase function of T7 Ϫ and RT (16) .
We are interested in defining which of our conclusions are applicable to larger, bulky lesions at guanine N2 because of the general interest in these as mutagens (3, 21) . 1,3-Butadiene is carcinogenic in rodents and has also been classified as a probable human carcinogen (22) . Mutagenicity of butadiene has been observed in yeast and mammalian cells in systems in which oxidation occurs (23) . Butadiene epoxide forms many DNA adducts (24 -27) , some of which can cause misincorporation by polymerases (28, 29) . Acrolein, a lipid peroxidation product, can form exocyclic adducts with dG, and these adducts have been detected in DNA isolated from humans (30) . Acrolein adducts have been shown to be mutagenic in mammalian cells (31) . The genotoxicity of styrene has been investigated, and styrene epoxide, an oxidation product of styrene, is considered to be a carcinogen in rodents (32) . The availability of several of these adducts from a series of previous studies (28, (33) (34) (35) (36) (37) (38) (39) provided an opportunity to study polymerization reactions with T7 Ϫ and RT in detail.
We have focused on the following questions. (i) How do these adducts affect the full-length extension and 1-base insertion reactions by polymerases? (ii) What are the effects of these adducts on the steady-state kinetics of dNTP incorporation, and how do the adducts differ compared with each other? (iii) Do burst kinetics occur? (iv) How will the adducts affect the kinetic parameters k off and K d for the DNA⅐polymerase(⅐dNTP) complex? (v) Are kinetic elemental effects significant, and can rate-limiting steps be discerned based on these? These questions have been addressed in a series of experiments with a total of six modified oligonucleotides (Scheme 2).
EXPERIMENTAL PROCEDURES
Chemicals-Chemicals and biochemicals were obtained from the following sources: ampicillin, chloramphenicol, lysozyme, poly(ethyleneimine), yeast extract (Sigma); isopropyl-␤-D-thiogalactopyranoside (Anatrace, Maumee, OH); casein hydrolysate (ICN, Aurora, OH); dCTP␣S and dATP␣S (Amersham Biosciences); dTTP␣S (IBA, Göttin-gen, Germany); [␥- 32 P]ATP and [␣-32 P]dCTP (PerkinElmer Life Sciences). All oligonucleotides were purchased from Midland Certified Reagents (Midland, TX) or Operon Technologies (Alameda, CA), except the adducted 11-and 13-mer oligonucleotides, which were synthesized in the Vanderbilt facility using general phosphoramidite technology (28, 34 -36, 40) . The oligonucleotides (Scheme 3) were purified either by HPLC or by denaturing gel electrophoresis before use. FAM-tagged and 3Ј-(3-hydroxy)propyl-substituted (propyl at the 3Ј-position of deoxyribose to prevent elongation) oligonucleotides were purchased from Midland.
Polymerases-RT was expressed and purified in this laboratory as previously described (10), using stock plasmids provided by S. Hughes (Frederick Cancer Facility, Frederick, MD). Protein concentrations were estimated using an ⑀ 280 value of 522 mM Ϫ1 cm Ϫ1 (12).
Polymerase T7
Ϫ was expressed and purified using a new procedure based on earlier work by the laboratory of K. A. Johnson (41) . The plasmid encoding T7
Ϫ DNA polymerase, pG5X (Amp) (obtained from K. A. Johnson, University of Texas, Austin, TX), was transformed into BL21-Gold (DE3)/pLysS cells (Stratagene, La Jolla, CA). The cells were plated on ampicillin/LB media and incubated at 37°C for 14 h. A single colony was picked and used to inoculate 120 ml of NZCYM media (42) , including ampicillin (50 g ml Ϫ1 ) and chloramphenicol (12.5 g ml Ϫ1 ). The culture was shaken at 250 rpm (37°C) for 14 h (G76 gyrotory water bath shaker; New Brunswick Scientific, Edison, NJ). An aliquot (10 ml) of the culture was added to each 1 liter of NZY media (12 liters total), which contained ampicillin (50 g ml Ϫ1 ) but no chloramphenicol. The cultures were grown at 37°C (240 rpm) until the A 600 reached 0.3-0.4 (Innova 4330 shaker; New Brunswick). Isopropyl-␤-D-thiogalactopyranoside (final concentration 0.4 mM) and chloramphenicol (final concentration 12.5 g ml Ϫ1 ) were added, and the culture was shaken (240 rpm) at 37°C for 3 h. Cells were harvested by centrifugation at 7000 ϫ g for 20 min (Sorvall RC3Bplus centrifuge; Kendro, Newtown, CT), and the pellets were stored at Ϫ20°C overnight.
Cells were lysed with buffer (240 ml of 50 mM Tris-HCl (pH 7.5) containing 1 mM EDTA, 5 mM DTT, and 10% sucrose (w/v)), followed by the addition of phenylmethanesulfonyl fluoride (0.5 ml of a 0.5 M stock in acetone, to yield 1 mM final concentration) and lysozyme (20 mg) . The cell pellets were sonicated at a 59% power setting for 30 s (Branson Digital Sonifer, Danbury, CT). Sodium cholate was added to the sonicated solution to a final concentration of 0.1% (w/v), and the solution was stirred at 4°C for 30 min. Poly(ethyleneimine) was slowly added to the above lysed cells to a final concentration of 0.5% (w/v) with stirring at 4°C. The solution was stirred for another 15 min, followed by the addition of NaCl (5 M stock) to a final concentration of 0.5 M and stirred for an additional 30 min. The mixture was separated by centrifugation at 1.6 ϫ 10 4 ϫ g for 20 min. The crude enzyme preparation (supernatant) was purified further using (NH 4 ) 2 SO 4 precipitation and DEAESephacel (Amersham Biosciences) and phosphocellulose chromatography according to a previous procedure (41) . Protein concentrations were determined using ⑀ 280 ϭ 144 mM Ϫ1 cm Ϫ1 for T7 Ϫ . The overall yield of purified T7
Ϫ protein was about 1 mg liter Ϫ1 . Escherichia coli thioredoxin was expressed and purified as described previously (10) .
Ligation of Carcinogen-adducted Oligonucleotides (Schemes 3 and 4)-Carcinogen-bound 11-and 13-mer oligonucleotides had been synthesized previously using phosphoramidite chemistry (43) (44) (45) (46) (47) . However, short oligonucleotides are poor substrates for polymerases, particularly the processive polymerases T7
Ϫ and RT (10, 41, 48) . Therefore, extending the adducted DNA to lengths of 35-40 nucleotides was necessary for performing the polymerization reactions. Ligation reactions were performed using the following strategy (Scheme 4). Three oligonucleotides (designated as left, middle, and right fragments) were ligated, with the middle one containing carcinogen (shown in boldface type in Scheme 4). This ligation procedure was carried out in "one-pot" reactions with inactivation of the enzymes at appropriate steps. Short scaffolds were not useful because of the effects of the adducts in reduc-SCHEME 1 SCHEME 2
Polymerases and Guanine N 2 Adducts 1166 ing base pairing, and long scaffolds were problematic because of the difficulty in removal (we relied on HPLC purification because of the need to avoid using strong UV light to visualize oligonucleotides in preparative gel electrophoresis, which might damage the adducts). The left and middle oligonucleotides were first treated with a kinase to add phosphate at the 5Ј-end, and the kinase was subsequently inactivated by heating at 95°C for 20 min.
Oligonucleotide mixtures (18-mer (20 nmol) and 11-mer, containing the adduct (20 nmol)) were incubated with T4 polynucleotide kinase (40 units; New England Biolabs, Beverly, MA) and ATP (3.3 mM) for 2 h at 37°C in a total volume of 60 l. The reaction mixture was then heated at 95°C for 20 min to inactivate T4 polynucleotide kinase, which was a crucial step in preventing multiple ligation. With the addition of the third oligonucleotide (the right oligonucleotide), the three oligonucleotides were annealed to a complementary strand containing uracil bases instead of T. The uracil-containing scaffold (33-mer, 20 nmol) and 5Ј-end 11-mer oligonucleotides (20 nmol) were added to the above reaction (final volume 86 l). Annealing was carried out by heating the reaction at 95°C for 5 min and slowly cooling over 3 h to room temperature. The reaction was kept at 4°C for more than 2 h before the next step. The fragments were ligated using T4 DNA ligase (1600 units; New England Biolabs) at 16°C for 48 h. Additional ligase (800 units) and ATP (2.5 mM) were added after 24 h of incubation. The reaction was heated at 65°C for 15 min to inactivate the ligase. To the above mixture, uracil DNA glycosylase (15 units; Sigma) was added. The reaction was maintained at 37°C for 14 h. The final reaction mixture was heated at 95°C for 1 h to hydrolyze the uracil DNA glycosylasetreated scaffold. A phenol/CHCl 3 /isoamyl alcohol (25:24:1, v/v/v) solution (100 l) was used to extract the proteins. The upper (aqueous) layer was transferred to a Sephadex G-10 column (200 l) packed in an Ultra-free-MC centrifugal filter device (Millipore Corp., Bedford, MA). The sample was centrifuged at 10 3 ϫ g for 10 min (IEC Micromax centrifuge; IEC, Needham Heights, MA). The filtrate was diluted with formamide to give a final concentration of 80% formamide (v/v). The diluted sample was heated at 95°C for 10 min and then immediately moved to an ice bath to cool for 5 min.
The strategy of inserting removable uracil in the scaffold and then using it to cleave the scaffold prevented the desired product from forming double-stranded complexes during HPLC purification (see below). Using HPLC purification, overall yields of the ligated products were Ͼ40% in most cases. HPLC purification of oligonucleotides was superior to electrophoresis in yield (particularly in avoiding direct UV irradiation of the DNA adducts). Each purified oligonucleotide was characterized by capillary gel electrophoresis for purity and by MALDI-TOF mass spectrometry for identity (see Supplemental Data).
Isolation of the Ligated Oligonucleotides by HPLC-Oligonucleotide purification was carried on a Zorbax® Oligo column (9.4 mm ϫ 250 mm, 5 m, Agilent, Palo Alto, CA) with heating at 49°C during the separa- 3 of the calculated M r . Each purified oligonucleotide was also analyzed (for purity) by capillary gel electrophoresis (P/ACE 5000 system, Beckman, Fullerton, CA) (see Supplemental Data). All electrophoretograms indicated Ͼ96% purity, and most of the extra peaks are attributed to random noise. In no case do we feel that any impurities substantially affected the conclusions we reached. Oligonucleotide concentrations were estimated from UV spectra (in H 2 O), recorded on a Cary 14/OLIS spectrophotometer (On-Line Instrument Systems, Bogart, GA). The extinction coefficients for the oligonucleotides were estimated using the Borer method (49) . Labeling and Annealing-Primers (600 pmol) were 5Ј-end-labeled using T4 polynucleotide kinase (20 units; New England Biolabs) and [␥-
32 P]ATP (60 pmol) and purified on Biospin columns (Bio-Rad). Template oligonucleotide and labeled primer (1.1:1 molar ratio) were annealed in 50 mM Tris-HCl buffer (pH 7.8) by heating at 95°C for 5 min and cooling slowly to 25°C overnight.
Enzyme Assays-Unless indicated otherwise, all T7 Ϫ (or RT) reactions were performed at 25°C in 50 mM Tris-HCl buffer (pH 7.8) containing 50 mM NaCl, 10% glycerol (v/v), 1 mM DTT, and 50 g/ml BSA. For each experiment, T7
Ϫ was reconstituted with thioredoxin (20-fold molar excess) prior to use. Thioredoxin was prepared separately in the same buffer containing 5 mM DTT.
Polymerization Assays and Gel Electrophoresis-A 32 P-labeled primer, annealed to either an unmodified or adducted template, was extended in the presence of all four dNTPs (Scheme 3). mM Tris borate buffer (pH 8.5) containing 2 mM EDTA). The gel was exposed to a phosphor imager screen (Imaging Screen K; Bio-Rad) overnight. The bands, representing extension of the primer, were visualized with a phosphorimaging system (Molecular Imager® FX; BioRad) using Quantity One Software version 4.3.0.
Pre-steady-state Kinetics-Pre-steady-state kinetics were performed using a KinTek model RQF-3 chemical quench flow apparatus (KinTek Corp., Austin, TX) with 50 mM Tris-HCl (pH 7.8) buffer containing 1 mM MgCl 2 in the drive syringes. The reactions were initiated by mixing the pre-equilibrated polymerase-DNA complex (containing 100 mM TrisHCl, pH 7.8, 200 nM 32 P-labeled DNA duplex, 2 mM DTT, 100 g/ml BSA, 50 nM T7 Ϫ , 50 mM NaCl, and 5% glycerol (v/v)) in sample syringe A (12.5 l) with either dNTP-Mg 2ϩ or (S p )-dNTP-Mg 2ϩ (40 -400 M dNTP, depending on oligonucleotide sequence) and 10 mM MgCl 2 in syringe B (10.9 l) at 25°C. The reactions were quenched with 0.6 M EDTA in syringe C (pH 9.0) after reaction times of 5 ms to 10 s. Reactions were combined with 500 l of formamide-dye solution, and the components were separated by electrophoresis (2 l of the sample) on a denaturing gel, with analysis as described for the gel electrophoresis of polymerization reactions. The resulting plot (of product versus time) was fit to the burst equation, y ϭ A(1 Ϫ e Ϫkpt ) ϩ k ss t, where A represents burst amplitude, k p is pre-steady-state rate of nucleotide incorporation, t is time, and k ss is the steady-state rate of nucleotide incorporation and analyzed using GraphPad Prism version 3.0a (San Diego, CA).
Estimation of K d Values for Oligonucleotide-and dNTP-Polymerase Binding-Ground state binding (K d ) of the DNA substrate to T7
Ϫ was estimated by fluorescence titration. T7 Ϫ (2.5-320 nM final) was added to a solution of 100 nM 17-FAM-mer/40-mer or 19-FAM-mer/42-mer in Tris-HCl buffer (50 mM, pH 7.8, 25°C) containing 5 mM MgCl 2, 5% glycerol (v/v), 1 mM DTT, 50 mM NaCl, and 100 g/ml BSA). Fluorescence was monitored using either a Varian SF-330 spectrofluorimeter (Varian, Walnut Creek, CA) or an SPEX Fluoromax-3 fluorimeter (SPEX/Jobin Yvon, Edison, NJ) with an excitation wavelength of 492 nm and an emission wavelength of 516 nm. After adjustment by dilution factors for enzyme addition, the data were fit to a fluorescence quadratic equation in Prism using the equation
, where E represents polymerase, D is DNA (oligonucleotide), F 0 is initial fluorescence intensity, A is fluorescence amplitude, E t is total enzyme concentration, K d is DNA dissociation constant from E⅐DNA, and D t is total DNA concentration (13, 50, 51) . dNTP binding was analyzed in a similar way, except that the T7 Ϫ (with or without oligonucleotide) titrated with dNTP solutions and the intrinsic tryptophan fluorescence of the T7 Ϫ was monitored (50) .
Estimation of Rates of DNA Dissociation from Enzyme-The oligonucleotide (DNA) dissociation rate from the polymerase-oligonucleotide complex (E⅐DNA) (k off ) was estimated using the rapid quench-flow apparatus and a previously described approach (15, 20, 52) . Sample syringe A (12.5 l) contained a preincubated solution of T7 Ϫ (350 nM) in Tris-HCl buffer (50 mM, pH 7.8) along with 50 mM NaCl, 5% glycerol (v/v), 1 mM DTT, 100 g/ml BSA, 1 mM MgCl 2 , and unlabeled target DNA (i.e. the unmodified or modified oligonucleotide pairs shown in Scheme 3) (50 nM). Sample from syringe A was mixed with 32 P-labeled 24-mer/42-G-mer (oligonucleotide pair 3/4, unmodified; Scheme 3) (450 nM) from sample syringe B (10.9 l) containing Tris-HCl buffer (50 mM, pH 7.8), 5% glycerol (v/v), 1 mM DTT, 100 g/ml BSA, and 10 mM MgCl 2 at time intervals ranging from 0.05 to 30 s (25°C). After the samples were mixed and incubated for varying times, polymerization was initiated by the addition of 200 M dNTP and 5 mM MgCl 2 from the central drive syringe, with a constant reaction time of 0.25 s. After the sample was expelled from the rapid quench apparatus, the reaction was mixed rapidly (using a vortex device) into a tube containing 500 l of 0.3 M EDTA (in 50% formamide (v/v)) to stop the reaction. The amount of the incorporated product was quantified by gel analysis and plotted against time. The graph was fit to a single-exponential equation in GraphPad Prism using the equation,
, where E f represents free enzyme concentration, E 0 is DNA-bound enzyme concentration, and k off is dissociation rate of DNA from E⅐DNA.
RESULTS

Strategy-T7
Ϫ and RT have been used many times as model polymerases in the study of polymerization reactions on dam- aged DNA. T7
Ϫ and RT, which are replicative polymerases with very limited exonuclease activities and have some flexibility for nucleotide incorporation opposite damaged DNA substrates, were selected for kinetic analysis of bulky DNA adducts. Both T7 Ϫ and RT can be readily expressed and purified, and there is a considerable body of kinetic (9 -15, 41, 53, 54) and structural (55-57) information available for these two enzymes.
Polymerization Assays in the Presence of All Four dNTPsProcessive polymerization by T7
Ϫ and RT was evaluated in the presence of all four dNTPs beginning at the site opposite the adduct (see sequences in Scheme 3). In the case of T7
Ϫ with the dG-EB adducts, full-length products were observed when high concentrations of polymerase were used (Fig. 1A) . The incorporated base was primarily T, although C and A incorporation were seen for either adduct (Fig. 1) . With high dNTP concentrations, the mispaired bases T, A, and G were incorporated even in the unmodified template by T7
Ϫ . In contrast to T7 Ϫ , RT showed no single nucleotide incorporation or full-length product for the dG-EB adducts (Fig. 2, A and B) .
In the dG-acrolein/dG-crotonaldehyde series of adducts, T7
Ϫ generated full-length products and not much stalling following 1-base incorporation (Fig. 3, A and B) . 1-Base incorporation involved primarily A, with minor incorporation of G and T (Fig.  3B) . RT was totally blocked with both the dG-acrolein and dG-CA adducts (Fig. 4, A and B) .
With the dG-styrene-R adduct, T7 Ϫ generated only 1-base incorporation but no full-length products (Fig. 5, A and B) . 1-Base incorporation was observed primarily with T and also some A. However, RT did generate some full-length products in the processive reaction (Fig. 6A ). 1-Base incorporation occurred with A, C, G, and T with roughly similar efficiencies (Fig. 6B) .
Steady-state Kinetics of 1-Base Incorporation-Steady-state parameters were measured for 1-base incorporation opposite the adducts by T7
Ϫ . The kinetic analysis was done by comparing the most efficient misincorporation, which was insertion of dTTP opposite the dG-EB adducts, to incorporation of dCTP (Table I) (58) . Different oligonucleotide sequences yield varying k cat and K m values in such steady-state experiments, and the values of the steady-state parameters for different sequences should not be compared directly with each other or with previous work with these polymerases (10 -12, 14 -16, 50) . Because of the variability, we made direct comparisons of each adductmodified oligonucleotide with its unsubstituted counterpart. For correct base pair incorporation (i.e. of C), the K m was increased by 3-4 orders of magnitude in comparing the unmodified template with the dG-EB adducts; k cat was attenuated by 2 orders of magnitude. The differences in incorporation efficiency (k cat /K m ) were primarily due to changes in the K m values. The misinsertion frequency (f), defined as (k cat /K m ) incorrect / (k cat /K m ) correct , reflects the preference for the incorrect nucleotide incorporation opposite the adducts (5). For the dG-EB-R,R adduct, the f value was 0.5, and for the dG-EB-S,S adduct, the f value was 21. Thus, the dG-EB-S,S adduct produced a higher degree of misincorporation than did the R,R isomer.
For the dG-acrolein and dG-crotonaldehyde adducts, incorporation of C opposite the adducts was decreased dramatically due to both k cat and K m effects, and misincorporation of A was favored opposite the adducts (Table II) . The misinsertion values (f) were moderate for these adducts. The misincorporation behavior of each adduct was similar, and no significant stereoisomeric effects were observed. However, the dG-CA-R adduct was much more blocking for dCTP incorporation, compared with dG-CA-S.
The dG-styrene-R adduct showed less of a blocking effect; therefore, misincorporation of T and A was investigated with both T7 Ϫ and RT (Table III) . With T7 Ϫ , misincorporation of T was efficient (misinsertion value, f, of 230). Misincorporation with the unmodified template was also unexpectedly efficient, presumably due to the particular sequence context. With RT, misincorporation of dATP was preferred over dTTP, and the catalytic efficiency was lower than with T7
Ϫ .
Determination of DNA⅐Polymerase Dissociation ConstantsFluorescence titrations with T7
Ϫ and solutions of FAM-oligonucleotide primer-template mixture were used to determine ground state binding of DNA substrates to T7 Ϫ , because the fluorescent group (FAM) is sensitive to binding of the DNA substrate to T7
Ϫ . The K d value of the unmodified DNA substrates was ϳ50 nM (Table IV) . These values are similar to those determined earlier for other sequences in this laboratory (15, 16) . 2 Relatively minor differences were observed between the K d values of the unmodified and the adducted DNA substrates. In some cases, the presence of thioredoxin had an effect of reducing the K d , with a greater effect seen with some of the adducts. However, even without thioredoxin, the largest difference due to an adduct was a 3-fold change, not enough to explain the dramatic changes in catalytic properties (Figs. 1A and 3A, Table III ). The DNA binding properties of both the polymerase and exonuclease sites of T7 Ϫ have been studied by Johnson's group (53) . DNA binding at the polymerase site is thermodynamically favored by a factor of 100. Although this partitioning is reduced 10-fold for a mismatched DNA substrate, the binding at the polymerase site still accounts for the major population of the DNA-polymerase complex (53) .
With RT (which does not have a real proofreading site in the form used here), no change was observed in affinity due to the presence of the EB adduct (Table IV) , although the affinity did show a decrease with some of the other adducts examined. However, even the largest differences in the changes are not enough to explain the dramatic loss of catalytic activity ( Figs.  2A and 4A) .
Estimation of DNA Dissociation Rate, k off -The dissociation rates of the E⅐DNA complexes were estimated using rapid quench experiments (15, 20, 52), as outlined under "Experimental Procedures." 3 In comparison with the unmodified DNA substrates, k off values were slightly different with the adducted oligonucleotides (Table V) . These results indicate that the dissociation rate of the DNA⅐enzyme complex was not affected much by the presence of adducts, consistent with the studies on estimates of K d (see below).
Determination of DNA-T7 Ϫ Dissociation Constants (K d(app)(dNTP) )-One potential explanation for the high K m values (for dNTP) seen in the 1-base incorporation studies with these adducts (Tables I-III) is that the polymerase-oligonucleotide complexes lose affinity for dNTPs upon modification. Fluorescence titrations were done with dCTP and T7
Ϫ ⅐primer-template complexes in which the extension of the primer was blocked with a propyl group (Table VI) . (The 3Ј-(3-hydroxy)propyl modification is marketed by commercial oligonucleotide synthesis laboratories as a nucleoside terminator.) We found that the apparent affinity of the dNTP, K d(app)(dNTP) , was generally the same for T7 Ϫ in the presence of the unmodified and modified primer-template complexes. These values are similar to others reported previously from this laboratory (16, 50) 2 and probably reflect the equilibria of both steps 2 and 3 of Scheme
Pre-steady-state Kinetics and Phosphorothioate Analysis of dNTP Incorporation-Steady-state analysis is useful in the evaluation of general features of nucleotide incorporation efficiency, but detailed mechanistic information is buried in the complicated polymerization cycle (Scheme 1). Pre-steady-state analysis was carried out using a rapid quench instrument to focus on individual reactions, with the isolation of the region of steps 2-4. Incorporation of dCTP opposite G in an unmodified substrate by T7
Ϫ gave a typical burst rate of k p ϭ 120 Ϯ 13 s Ϫ1 , as determined from the burst equation y ϭ A(1 Ϫ e Ϫkpt ) ϩ k ss t (Fig. 7A , Table VII ). The elemental (thio) effect was 2.1. The burst phase was completely abolished with the adducts used as substrates (Figs. 7 and 8 ). This lack of a burst indicates that reaction steps occurring before product formation are slow, even slower than the reaction involving oligonucleotide dissociation from the enzyme (step 7 of Scheme 1).
The issue of whether the phosphodiester bond formation step (step 4 of Scheme 1) is rate-limiting can be addressed using nucleotide phosphorothioates (dNTP␣S) as substrates instead of normal dNTPs. With the dG-EB and dG-styrene-R adducts, misincorporation of dTTP␣S was examined, and dATP␣S incorporation was analyzed for the dG-acrolein and dG-CA adducts. Because the DNA⅐enzyme dissociation rate is similar for the various adducts (Table V) , the thio elemental effect should primarily reflect the rate-limiting contribution of phosphodiester bond formation. The observed elemental effects were generally moderate in these studies (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (Table VII) . One exception was the dG-CA-S adduct, in which the elemental effect was ϳ100 (Fig. 8D , Table VII ). The generally low elemental effects suggest that rates of phosphodiester bond formation may not be significantly affected by the presence of adducts. Thus, a conformational change of the enzyme complex after binding of dNTP might be the rate-limiting step for dNTP incorporation in several of these cases, or an additional interfering reaction might be considered.
DISCUSSION
All of the guanine N 2 adducts studied in this work strongly blocked polymerization reactions with T7 Ϫ and RT. Polymerization worked much better with T7 Ϫ than RT with these adducts. The crystal structures of the ternary complexes show that RT has more space in the active site than T7 Ϫ (60, 61), but these observations do not mean that RT can necessarily handle large adducts better. Incorporation opposite the dG-EB and dG-styrene-R adducts involved preferential incorporation of dTTP rather than dCTP, and the incorporation efficiency was decreased due to both an increased K m(dNTP) and a reduced k cat . There were no significant increases in K d (DNA) or k off for the adducted oligonucleotides as compared with the unmodified DNA substrates. This result is in agreement with results with other relatively bulky adducts (e.g. arylamines (62) and cisplatin (63)) but in contrast with conclusions based on the use of other (electrophoretic) assays (64 -66) . No burst phase incorporations were seen for any of the adducts, indicating that the rate-limiting step must be at or before the phosphodiester bond formation step. Sulfur elemental effects were generally small or moderate, arguing that phosphodiester bond formation may 3 The k off values estimated using the approach described here will not necessarily be equal to k 7 of Scheme 1 or to the k cat in the steady state, although k 7 makes a major contribution to limiting the rate in singlebase incorporation experiments. The k off rate is attenuated if dNTPs are present (15) , and even when k 7 (Scheme 1) is rate-limiting it must be faster than k cat .
FIG. 5. Extension of a primer opposite a dG-styrene-R adduct by T7
؊ . A, extension of a 32 P-labeled primer (23-mer, oligomer 5 of Scheme 3) opposite a dG-styrene-R adduct by T7
Ϫ in the presence of a mixture of all four dNTPs. Reactions were done in the presence of the indicated polymerase concentrations with 100 nM primer-template (oligomers 5 and 6 of Scheme 3). For unmodified oligonucleotide, reactions were done with 50 M dNTPs for 2 min. For the dG-styrene-R oligonucleotide, reactions were done with 250 M dNTPs for 10 min. B, extension of a 32 P-labeled primer opposite a dG-styrene-R adduct by T7 Ϫ in the presence of the individual dNTPs. With the unmodified oligonucleotide, reactions were done with T7 Ϫ (5 nM) and 25 M dNTP for 5 min. For the dG-styrene-R oligonucleotide, reactions were done with T7 Ϫ (20 nM) and 250 M dNTP for 10 min.
not be the rate-limiting step with those bulky adducts. A major attenuated step could be enzyme conformational changes after the binding of dNTP.
The mutagenicity of the dG-EB adducts has been studied in an E. coli system (28, 67) . A, T, and G could all be incorporated opposite the adducts, with moderate stereoisomeric effects. Replicative polymerases were concluded to play major roles in such assays rather than the SOS response "translesion" polymerases (28) . Our in vitro steady-state kinetic results yielded a misinsertion frequency ratio (f) for the S,S isomer ϳ40 times higher than that for the R,R isomer (Table I) , consistent with the in vivo study in terms of dTTP incorporation opposite the adducts (28) . This result may support the hypothesis that this lesion can be bypassed by the replicative polymerases of E. coli.
The dG-acrolein adduct has been reported to be considerably more mutagenic in mammalian cells than in E. coli (38) . Mammalian pol ␦ has been reported to bypass the dG-acrolein lesion in the presence of proliferating cell nuclear antigen (38) . Further work from Lloyd and co-workers (68, 69) suggests that both yeast and human pol may be responsible for DNA synthesis past this lesion because of their modest but still very significant efficiencies in catalyzing incorporation, misincorpo- ration, and extension beyond the site of the lesion/pair. The acrolein adduct has been shown to exist in a ring-opened form when it is paired opposite C on the complementary strand (70, 71) . The ring-opened form has been used to rationalize the efficient bypass and extension by pol (68) , although others have concluded that these adducts may be in their ring-closed forms during polymerase catalysis in human cells (72) . The corresponding dG-CA adducts have less tendency toward the ring-opened form due to the methyl group present at the C-1 position. 4 Our steady-state kinetic studies with T7 Ϫ showed little difference between the dG-acrolein and dG-CA adducts, an observation consistent with the hypothesis of Yang et al. (72) about the dominance of the ring-closed form within the polymerase. (Although the two dG-CA adducts showed similar kinetic properties (Tables II and VII) , the S isomer showed a considerably larger thio elemental effect than the R (Table  VII) , which may be interpreted as evidence for a mechanistic variation of the two isomeric adducts in the reaction.) dATP was preferred for misincorporation opposite these adducts (Fig.  3B) , possibly suggesting that the adducts may keep the ringclosed configuration, at least with this polymerase (T7 Ϫ ). A variety of studies have been done with N 6 -dA adducts 4 C. J. Rizzo, personal communication. b In this oligonucleotide system, the steady-state parameters reflect the sequential insertion of four dCTPs (Scheme 3, oligonucleotides 3 and 4) and are uncorrected for a single step.
c Estimated from the the limit of detection at the highest dCTP concentration used (800 M). b In this oligonucleotide system, the steady-state parameters reflect the sequential insertion of two dCTPs (Scheme 3, oligonucleotides 5 and 6) and are uncorrected for a single step. c Estimated from the the limit of detection at the highest dCTP and dATP concentrations used (2 mM). derived from styrene oxide, both in E. coli cells and with several purified polymerases (46, (73) (74) (75) (76) . Polymerases varied in their abilities to "read through" the adduct (74); interestingly, the mutagenesis studies (in E. coli) were reported not to require SOS function (46) . Another interesting observation with RT was that, for both the N 6 -dA and N 2 -dG adducts derived from styrene oxide, RT showed selective pausing at sites several residues beyond the site of incorporation (73, 75) . Such behavior was not observed in our studies with dG-styrene-R (Fig. 5A) . (Forgacs et al. (75) had reported this behavior with both the R and S isomers of the N 2 -dG adduct.) The dG-styrene-R adduct can be compared with other N 2 -dG adducts (e.g. dG-EB adducts). The dG-EB and dG-styrene-R adducts had dTTP as the preferred nucleotide incorporated opposite the adducts, rather than dATP. The incorporation efficiency was superior in the cases of dG-EB-S,S and dGstyrene-R (Tables I and III) . Interestingly, a shift from an extracyclic adduct to a styrene adduct causes an incorporation shift from dATP to dTTP. It has been hypothesized that dG adducts may adopt a syn configuration to compensate for the steric conflict (77); thus, polymerases would incorporate dATP, as in the case of an abasic site (78) . Recent work has led to consideration of the proposal that the T-T dimer lesion can flip out in the active site of a polymerase, opening a possibility to understand the bypass mechanism for such modified DNA substrates (79) . One other point of possible relevance is that another replicative DNA polymerase, T4, showed elemental (dNTP␣S) effects of 27-70 in inserting past an abasic site (79) . Also, Washington et al. (79) noted that the translesion polymerase yeast pol showed burst kinetics (pre-steady-state kinetics) in incorporating opposite T-T dimers but did not show a burst with an apurinic site, leading them to argue that base flipping was not occurring in this case (see below).
Polymerase catalysis opposite bulky DNA adducts is often associated with low k cat and high K m values in the literature (29, 80 -87) . Similar patterns have been observed for incorporation opposite abasic sites (88) and for misincorporation involving only the four canonical bases (Tables I and II) . A lack of a kinetic burst has also been observed for misincorporation among the normal four bases (89, 90) and for incorporation opposite an apurinic site (91) . We have considered these phenomena and sought a possible explanation. The results presented here indicate relatively little change in the K d for either DNA (oligomer) or dNTP (Tables IV-VI) .
The distinction as to whether step 3 or 4 (Scheme 1) is rate-limiting is not trivial. We have used the elemental effects (i.e. the differences in rates with dNTP and dNTP␣S) to try to obtain some insight. In considering all of the six adducts we have studied in this work, only two produced elemental effects Ͼ10 (dG-EB-S,S and dG-CA-S; Table VII ). Except for dG-EB-S,S and dG-CA-S, these are relatively low and can be used to argue that k 4 is not rate-limiting. The interpretation of these elemental effects is not without controversy, and the mechanistic interpretation has been questioned (92) (93) (94) (95) . On the other hand, we (10, 13, 96) and others (9, 17, 19, 91, 97) have noted values in the range of 50 -100 for elemental effects on abnormal incorporation events and, in the absence of significant effects for normal base incorporation, are of the opinion that these cannot simply be dismissed, even if their interpretation may be more complex than affecting only the rate of phosphodiester bond formation. Even in some of the work that questions the change in electronegativity between oxygen and sulfur as the only basis for kinetic changes, the conclusion is still reached that perturbations due to this substitution are manifested in the phosphodiester bond formation step ("chemistry") (93) . The situation differs from that we have described for smaller DNA adducts, which fit a model in which the perturbation is relatively small, and the results are readily interpreted with an alternate, inactive ternary (or possibly binary) complex (12, 15, 16) . Suo et al. (63) have also explained the interaction of T7 Ϫ and RT with a guanyl-N 7 cisplatin derivative in this context (binary complex). The cisplatin adduct is not really larger than the O 6 -benzyl-G adduct that fits this pattern, particularly in the context of considering that the O 6 -and N 7 -guanyl adducts would lie in the major groove, with more space than for the N 2 -guanyl adducts occupying the minor groove (16) . Our present results do not rule out the existence of an alternate, inactive ternary complex of the type proposed for the smaller adducts (12, 15, 63, 98) , but the addition of this entity did not improve the kinetic fitting, so it would only contribute to kinetic complexity.
This work has been focused on model replicative polymerases, particularly on T7
Ϫ . This polymerase, used with thioredoxin, is probably a reasonable model for the mammalian pol ␦⅐proliferating cell nuclear antigen complex (13, 99) . However, the translesion synthesis polymerases (Y and other families (7, 100, 101)) are rather different because of the openness of their structures (102) . These polymerases readily bypass many bulky lesions (71, (103) (104) (105) (106) (107) (108) . However, kinetic analysis of these systems is still relatively limited, with some exceptions (79) . The available studies have shown full burst kinetics past T-T dimers (79) . Interestingly, the values of k pol and K d (dNTP) are not as favorable for normal base incorporation as in the case of the processive polymerases (99), but they are not changed very much when copying opposite modified bases. More kinetic analysis of these polymerases will be of interest in FIG. 8 . Time progress curves and elemental effects for dNTP incorporation by T7 ؊ . A, T7 Ϫ (25 nM), preincubated with 100 nM unmodified oligonucleotide, was mixed with a solution of dCTP (50 M) in the rapid quench instrument (). For analysis of the thio elemental effects, dCTP␣S (50 M) (f) was used instead of dCTP. The data were fit as described in the legend to Fig. 7 . The estimated values of k ss were 0.46 Ϯ 0.09 s Ϫ1 for dCTP and 0.31 Ϯ 0.11 s Ϫ1 for dCTP␣S. B, T7 Ϫ (60 nM), preincubated with 100 nM dG-acrolein oligonucleotide, was mixed with a solution of dATP (500 M) (OE) or dATP␣S (500 M) (•) using conventional methods. C, T7 Ϫ (60 nM), preincubated with 100 nM dG-CA-R oligonucleotide, was mixed with a solution of dATP (500 M) (OE) or dATP␣S (500 M) (•) using conventional methods. D, T7 Ϫ (60 nM), preincubated with 100 nM dG-CA-S oligonucleotide, was mixed with a solution of dATP (500 M) (OE) or dATP␣S (500 M) (•) using conventional methods. The elemental effects are listed in Table  VII . See Supplemental Data for representative gels. the future. At the present time, there is little knowledge about k off rates for these interesting polymerases. The possibility can be considered that the bulky DNA adducts considered here undergo some type of base flipping (79) or another process to yield what the polymerases would recognize as abasic sites. The tendency to insert dATP opposite bulky adducts here would seem consistent with this view. However, it should be noted that dTTP incorporation was extensive in the case of the dG-styrene-R adduct ( Figs. 5 and 6 ; Table III ). In the case of the Y-family polymerase yeast , the kinetic patterns for incorporation of dATP opposite T-T dimers differed from that opposite an apurinic site (79) . As mentioned earlier, the elemental (thio) effects with dATP␣S and incorporation opposite an abasic site were higher (91) than most of the values observed here (Table VII) .
In conclusion, we have examined six different bulky DNA adducts. The results can be summarized in terms of extensive blockage of the processive polymerases T7
Ϫ and RT, generally preferential incorporation of dATP with steady-state kinetics showing low k cat and high K m values, and lack of burst kinetics. Major changes in the ground state affinity of T7 Ϫ for either (modified) oligonucleotide or dNTP were not detected.
